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Abstract: Plastic litter floating in the ocean is a significant problem on a global scale. This study
examines whether Sentinel-2 satellite images can be used to identify plastic litter on the sea surface
for monitoring, collection and disposal. A pilot study was conducted to determine if plastic targets on
the sea surface can be detected using remote sensing techniques with Sentinel-2 data. A target made
up of plastic water bottles with a surface measuring 3 m X 10 m was created, which was subsequently
placed in the sea near the Old Port in Limassol, Cyprus. An unmanned aerial vehicle (UAV) was used
to acquire multispectral aerial images of the area of interest during the same time as the Sentinel-2
satellite overpass. Spectral signatures of the water and the plastic litter after it was placed in the water
were taken with an SVC HR1024 spectroradiometer. The study found that the plastic litter target was
easiest to detect in the NIR wavelengths. Seven established indices for satellite image processing
were examined to determine whether they can identify plastic litter in the water. Further, the authors
examined two new indices, the Plastics Index (PI) and the Reversed Normalized Difference Vegetation
Index (RNDVI) to be used in the processing of the satellite image. The newly developed Plastic Index
(PI) was able to identify plastic objects floating on the water surface and was the most effective index
in identifying the plastic litter target in the sea.

Keywords: Sentinel-2; satellite images; plastic litter; spectral indices; spectroscopy; remote
sensing; UAVs

1. Introduction

Marine litter refers to waste originating from human activities that has been discharged into
coastal or marine environments. Such litter may result from activities on either land or at sea [1].
Currently, 60 to 80% of such marine litter consists of plastic, reaching 95% in some areas and has
become a serious environmental hazard [2-18]. Based on its weight and shape, marine litter can be
classified as floating litter and sinking litter [13]. It has been estimated that marine litter is split into
15% floating on the sea surface, another 15% remains in the water column and 70% subsides on the sea
floor [19].

Although there is limited data on plastic inputs in the oceans [20], it is estimated that almost
8 million tons of plastic enter the oceanic ecosystem every year [21]. Other approximations estimate
that the oceans may already contain more than 150 million tons of plastic [22]; around 250,000 tons of
these contaminants is fragmented into 5 trillion plastic pieces, which may be floating on the oceans’
surface [23]. It has also been calculated that every year, between 4.8 and 12.7 million tons of plastic
find their way into the ocean from coastal populations worldwide [16], while the Ellen Macarthur
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Foundation [24] estimates that approximately 25 million tons of plastic end up in the ocean. What is
more alarming is the projection that the global quantity of plastic in the ocean will nearly double to
250 million tons by 2025 [16]. It is expected that by 2050, the ocean will contain more plastic by weight
than fish [24].

Since plastics have low density, they float on the surface of water bodies, often accumulating into
clusters which can be transported over long distances by the prevailing winds and oceanic currents
before sinking [25-34]. A large portion of these plastic clusters enter ocean gyres and can result in
clusters that are up to several kilometers in size, such as the Great Pacific Garbage Patch (GPGP) [35,36].
Plastic debris is mostly found in coastal areas, especially in front of river mouths and coastal cities [37].
Plastics break down into debris through a combination of several processes, among which are
mechanical weathering, biodegradation and photo- and thermal-oxidative degradation by ultraviolet
(UV) radiation. It is worth noting that complete mineralization of such plastic debris may not be
possible or may take place after hundreds or thousands of years [38—41]. Plastic litter is harmful
to marine life, as it results to deformation, suffocation and death [10,42—44] as well as allowing the
spread of invasive species and the release of toxic chemicals into the environment [45-47]. Plastic litter
tends to be more harmful near coastlines, where biological diversity and species abundance tend to be
highest [48-50].

In order to address the issue of plastic marine litter, several programs and directives have been
instituted. The European Union (EU) has issued several directives that are related to reducing plastic
litter, primarily through the EU Marine Strategy Framework Directive (Directive 2008/56/EC) and the
EU Water Framework Directive (Directive 2000/60/EC). The United Nations Environment Programme
(UNEP): Regional Seas Programme is an action-oriented agenda that implements region-specific
activities, bringing together stakeholders including governments, scientific communities and civil
societies [51]. The mandate of the UNEP is to coordinate 18 Regional Seas Conventions and Action
Plans, in which 146 countries participate. The UNEP Regional Seas Programme strives to maintain,
restore and enhance marine and coastal resources to support human well-being through sustainable
development [51]. The United Nations 2030 Agenda for Sustainable Development addresses the issue
of plastic litter in water bodies through Sustainable Development Goals such as Goal 6 on “Clean Water
and Sanitation” and Goal 12 on “Sustainable Consumption and Production”; these will also contribute
to addressing the issue of marine plastic pollution, as the global nature of plastic supply chains
dictates a cooperation between nations and across regions [52]. Therefore, it is necessary to establish
harmonized definitions and share data and research on marine plastics and microplastics [52,53].

Although marine litter is a worldwide problem, it has not been adequately addressed in the
Mediterranean area [54]. A high concentration of plastics is found within the Mediterranean Sea, with
the highest amounts of municipal solid waste generated annually per person of 208-760 kg/year [55-62].
The Mediterranean Sea also ranks fourth in the list of oceans with the highest concentration of floating
marine litter in the world, with 22,000 tons [62,63]. This is due to the interaction of a number of factors,
including that the Mediterranean is essentially a closed basin with limited exchange of water with
other oceanic bodies (this is primarily accomplished through the Straits of Gibraltar), combined with
inadequate environmentally sound urban waste management systems, considerable marine vessel
transportation in coastal waters, negligible tidal flow and heavily populated coastal areas [21,63,64].
According to Pasternak et al. [60], sites along the shores of the Mediterranean show the greatest
densities of marine debris in the world. In particular, the Levantine sub-basin, in which Cyprus is
situated, has very little interaction with the rest of the Mediterranean [65]. Plastics that enters the
sub-basin from surrounding countries (Cyprus, Egypt, Israel, Lebanon, Syria and Turkey) are also
washed up on the beaches of these countries [66,67].

Open-water and shoreline surveys that are designed to assess the distribution of plastic debris in
oceans and lakes are time-consuming and costly; in addition, they provide only limited aerial coverage
and temporal resolution [68]. Although research on how remote sensing can be used to monitor plastic
debris in the sea is still in its early stages [29,67,69], several research studies have used various remote
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sensing methods to identify plastics in the sea [29,68-73]. Satellite images can be used to identify
plastics in the water, such as Sentinel-1A and COSMO-Sky-Med Sar images [74], C-Band Radarsat-1
SAR images [75] as well as Landsat TM and EMT+ satellite images [76-78].

Several studies have been conducted to examine marine litter in the Mediterranean.
Mansui et al. [63] simulated marine litter drift in the Mediterranean and noted permanent accumulations
of plastics; their study found that the coastline between Tunisia and Syria had the highest amount of
plastic accumulation, while the western Mediterranean demonstrated a rather low coastal impact [79].
The University of the Aegean [80] conducted a study to detect and track plastic targets on the sea surface
using UAV and images from Sentinel satellites. Their study used a ‘target’ that was 100 m? composed
of 1.5 L water bottles, plastic bags and nylon fishing nets. The objective of the study by the University
of the Aegean was to evaluate the ability of satellites to detect marine litter on the sea surface using
image analysis, image-processing algorithms and satellite measurements [80]. Research has found that
large plastic debris can be identified using unmanned aerial vehicles (UAVs) [81-83]. More recently,
research has focused on the ability to detect plastic using spectroscopy and high spatial resolution
multispectral imaging [84]. Research indicates that near to shortwave infrared (NIR-SWIR) imaging
from UAV platforms can be used to detect plastic in the water [79,80].

The objective in this study is to examine whether Sentinel-2 satellite images were effective in
identifying plastic clusters in the sea. As well, various indices used for satellite image processing
were examined in order to determine whether they were able to identify plastic litter in the water.
Spectroscopy was used in order to acquire and compare the spectral signature of the water and the
plastic litter.

2. Materials and Methods

In this study, plastic bottles were employed in order to determine if plastic litter can be identified
through Sentinel-2 satellite images. According to Biermann et al [29], the high spatial resolution for up
to 10 m X 10 m is able to detect small features in the sea, such as plastic litter. In this study, the objective
was to examine if a smaller target can be detected by the Sentinel-2 satellite images. Aerial and
Sentinel-2 satellite images were used to identify plastic litter in the water. A UAV platform with
multispectral cameras took photos of the plastic litter target at the same time as the Sentinel-2 satellite
overpass in order to examine different wavelengths in which plastic could be detected in seawater.

The study was conducted in Limassol, Cyprus, south of the Limassol Old Port. The site was
selected as this area accumulated a large amount of debris from the ships waiting to enter Limassol
Port. Research indicates that plastic debris is often found in areas with high marine traffic [13,53,70,71].
Plastic bottles comprise most of the floating marine debris and accumulate on the bottom of the sea
and wash up on the coastlines [62,84]. The International Coastal Cleanup (ICC) report [85] found that
plastic bottles were the third most common type of beach litter, that 10% of the global marine debris is
plastic bottles [86] and make up 14% of the Mediterranean debris [55]. In order to identify plastic litter
in the water, a plastic litter “target” measuring 3 m X 10 m was created from water bottles of 0.5-liter
and 1.5-liter size (Figure 1), to emulate marine plastic litter clusters floating in the sea. Plastic bottles
were utilized as they are considered to comprise one of the most common types of marine debris [62,85].
Pasternak’s study [60] on plastic bottles found that large bottles were 6.3 times more abundant than
bottles smaller than 1.5 liter [87]. The plastic litter target used for this project consisted of 1500 plastic
bottles that were held together by nylon string and framed by PVC pipes.

The study took place on 15 December 2018 at the Limassol Old Port, during the Sentinel-2 satellite
overpass. The use of Sentinel-2 images was selected as the images are free and open to all users through
the Copernicus Hub. The satellite acquires images every 5 days, so that the time series of satellite
images can be easily acquired for operational time-series applications. During the Sentinel-2 satellite
overpass, the plastic litter ‘target’ was placed into the sea near the Old Port in Limassol, Cyprus and
moved 200 m from the coastline (Figure 2).
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Figure 1. Plastic litter ‘target’ made from water bottles. Kyriacos Themistocleous.

Figure 2. Plastic litter “target” being lowered into the sea at Limassol Old Port. Kyriacos Themistocleous.

Divers moved the target to 200 m south of the Limassol shoreline over a depth of 20 m, in order
to simulate plastic marine debris in the ocean (Figure 3). A GPS tracker was attached to the plastic
litter target to monitor the location of the target during the Sentinel-2 MSIL1C satellite overpass, which
occurred on 15 December 2018 at 08:58 UTC.

The SVC HR-1024 spectroradiometer was used to obtain the spectral signatures of the water
surface and the plastic litter “target” after it was placed in the water by taking measurements from the
top of the wharf. The spectral signatures were taken from 1.5 and 3 m height to check the spectral
response at different heights. The spectral signatures were measured with 4 degrees field of view with
a sample area of 10 cm and 20 cm. Approximately 20 sampling points at each height were taken at
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increments of 1 meter apart perpendicular to the target. The multiple spectra taken at each sampling
point were averaged by height in spectral groups to account for the effect of wind, water movement, etc.

Figure 3. Divers moving target 200 meters from shoreline. Kyriacos Themistocleous.

During the Sentinel-2 satellite overpass, two UAVs were flown over the plastic litter target to
acquire aerial images of the target at a low altitude. The DJI Phantom 4 Pro with an integrated
RGB (red, green, blue) 20MP camera (Figure 4, left) and the DJI Phantom 2 with a modified GoPro
camera and a Sony Exmor IMX206 multispectral camera with 660 nm and 850 nm filters (Figure 4, right)
were utilized. The aerial images from the UAVs were compared to the images from the Sentinel-2
satellite. A significant limitation for the detection of plastics in water through the adoption of NIR
spectroscopy and multispectral sensors is the strong absorption of infrared radiation by water [88].
The plastic bottles were collected and disposed in a plastic recycling bin at the end of the study.

Figure 4. Left: Phantom 4 Pro with RGB integrated 20MP camera. Kyriacos Themistocleous.

Right: Phantom 2 with Sony Exmor and modified GoPro camera. Kyriacos Themistocleous.

The Sentinel-2 satellite is able to generate multispectral data with 13 bands in the visible,
near infrared and short-wave infrared part of the spectrum with a spatial resolution of 10 m, 20 m and
60 m, as shown in Table 1. It can detect patches of plastic litter of various sizes [29]. Several studies
use SWIR imagery to detect plastics in the sea [70]; however, the spatial resolution of 60 m x 60 m
would be too low in order to identify a target of 3 m x 10 m. The satellite overpass occurs every
5 days and provides a systematic coverage of the entire Mediterranean Sea. The Sentinel-2 satellite
was employed because (a) it provides free and open data, (b) it provides a systematic overview at the
same location since the overpass occurs every five days, which provides the ability to revisit a specific
location, and (c), the pixel size of the Sentinel-2 satellite has better spatial resolution from other satellite
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with freely available data, especially in the visible and NIR bands. In this study, the images generated
from the multispectral camera were compared with the corresponding wavelengths of the Sentinel-2
bands. Atmospheric correction was applied using the Sen2Cor processor but without any results for
identifying the plastic litter target since plastic bottles are transparent and, by applying atmospheric
correction, the values of water and floating plastic bottles are absorbed by the atmospheric correction
algorithm; therefore, atmospheric correction was not applied. The 2 MSIL1C satellite was selected as
atmospheric correction was not required.

Table 1. Wavelengths of Sentinel-2 bands.

Band Name Spatial Resolution (m) Central Wavelength (nm) Bandwidth (nm)

B01 60 443 20
B02 10 490 65
B03 10 560 35
B04 10 665 30
B05 20 705 15
B06 20 740 15
B07 20 783 20
B08 10 842 115
BOSA 20 865 21
B9 60 945 20
B10 60 1375 30
B11 20 1610 90
B12 20 2190 180

Research by Rokni et al. [89] proposed several well-established indices for water features extraction.
Therefore, equations 1-6 were applied to examine if plastics can be detected in water. The Simple
Ratio equation employed blue and NIR bands to examine the bands that were identified in the field
measurements from the spectral signatures. The Normalized Difference Water Index (NDWTI) [90],
Water Ratio Index (WRI) [91], Normalized Difference Vegetation Index (NDVI) [92], Automated Water
Extraction Index (AWEI) [93], Modified Normalization Difference Water Index (MNDWI) [94] and
Normalization Difference Moisture Index (NDMI) [95], as indicated in Equations (1)-(6) and the Simple
Ratio (SR) was also used, delineated by Equation (7). In order to justify the potential of detection
of the plastic target by introducing purpose-built relationships, the Plastic Index (PI) and Reversed
Normalized Difference Vegetation Index (RNDVI), as expressed by Equations (8) and (9), respectively,
were developed in this research effort in order to examine the use of the specific wavelength identified
from the spectral signatures.

NDWI = (B03 — B08){(B03 + B08) 1)

WRI = (B03 + B04)/(B08 + B012) )

NDVI = (B08 — B04)/{(B08 + B04) ©)

AWEI = 4 x (B03 — B012) — (0.25 X B08 + 2.75 x B011) (4)
MNDWI = (B03 — B012)/(B04 + B012) (5)

NDMI = (B03 — B08)(B03 + B08) (6)

SR = B08/B04 @)

PI = B08/(B08 + B04) 8)

RNDVI = (B04 — B08)/(B04 + B08) )

Due to the innovative nature of the study, a sensitivity analysis was used to better understand the
dynamics and emergent patterns of the indices and provide derivatives of model output parameters
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(observables) with respect to input parameters [96]. The sensitivity analysis was developed according
to the parameters and carried out on the above indices to estimate the objective sensitivity measures in
the form of partial derivatives of the model outcomes with respect to input parameters. Each index was
examined based on the minimum and maximum values within the Area of Interest, the number of pixels
detected for the plastic litter target and the discriminative value, which is the distinct separation that
results from the maximum water values and the minimum plastic values for each index. These values
were normalized by dividing the maximum value subtracted from the minimum value in the Area
of Interest in order to determine the sensitivity parameters of each index. The Area of Interest was
selected around the target with a buffer of 50 m radius, which was approximately an area of 8000 m?,
as shown in Figure 9.

3. Results

After the plastic litter target was placed in the water and its location was fixed using anchors,
the UAVs were flown over the target in order to acquire RGB and infrared (B08) images of the target
at the same time as the Sentinel-2 satellite overpass. Both UAVs were flown over the target so that
the images would be taken at the same time. Figure 5 features aerial images of the plastic litter target
in both RGB 20MP and infrared (B08). The RGB image of the plastic litter target (Figure 5, left) is in
natural color while the infrared image of the plastic litter target (Figure 5, right) is in black and white
for visual comparison.

Figure 5. Left: RGB image of plastic litter target. Right: infrared image of plastic litter target.

The multispectral image at 660 nm (Figure 6, left) indicates that the reflectance of the water and
the reflectance of the plastic litter target have lesser variance than the multispectral image at 850 nm
(Figure 6, right) which indicates the reflectance of the plastic litter target, which results from the water’s
increased absorption of solar radiation.

RED — 660nm NIR — 850nm

Figure 6. Left: target as evident at 660 nm. Right: target as evident at 850 nm (Sony Exmor camera).
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Spectral signatures show high reflectance in plastics and no reflectance for water in the near-infrared
(NIR) domain [29,85,97]. NIR spectroscopy is currently used in related applications, including the
sorting of plastic debris in recycling facilities [66,67,78,84,98]. After placing the plastic litter target
in the water, the spectral signatures of the sea water and the plastic bottles were taken and plotted
according to the different channels of the Sentinel-2 satellite. The results of the study indicated that
plastic bottles have high reflectance in the blue and NIR bands and the water has high reflectance in
the blue and low reflectance in the NIR bands. Although, theoretically, the reflectance of water should
be zero in the infrared wavelength, due to sediment and debris, there is a low reflectance for water at
those wavelengths. In this study, the plastic litter detection was only examined between 400-900 nm.
Within this range, the reflectance of the plastic bottles is low in the red band, but increases in the infrared
bands, where water absorbs all solar radiation and has almost no reflectance [68], as indicated in
Figure 7. Therefore, plastic bottles can be identified using B06, B07 and B08 of Sentinel-2 satellite images.
The 20 m spatial resolution in bands B06 and B07 makes it difficult to detect smaller targets, while B08
has a 10 m spatial resolution, which is able to detect the objects due to higher spatial resolution.

R 7Y M

Bl B2 B3 B4 B5S B6 B7 B8

LT X T TR S e S AT, ORI R S £ . RN LSRRI 8 N AT R

Plast;ic bottles

% REFLECTANCE

15m

| I I |
400.0 4714 5429 6143 6857 757.1 8286 900.0

WAVELENGTH (nm)

Figure 7. Average spectral signatures plotted against the different channels of the Sentinel-2 satellite.
The red, orange, purple and cyan lines indicate the spectral signatures for water, while the light green,
green, blue and dark green lines indicate the spectral signatures for the plastic bottles in the water at
different heights (1.5 m and 3 m).

The above spectral signatures showed that the percentage reflectance at the infrared band was
high for the plastic bottles, while that for the water was low. In the blue band, the percentage reflectance
of both water and plastic bottles was high; hence, it was difficult to recognize the plastic bottles within
the blue channel, as is evident in Figure 7. The plastic bottles had minimum reflectance value at B04
and maximum reflectance value at B08, which were also evident in the images taken with the infrared
camera (Figure 6). Therefore, the images acquired from the Sentinel-2 satellite in the visible range did
not detect the plastic litter target. In Figure 8, a yellow circle indicates where the plastic litter target
should be visible.
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Figure 8. Sentinel-2 Satellite RGB image (15 December 2018). (Bands B04, B03, B02).

Figure 9 presents the satellite images from the Sentinel-2 MSIL1C satellite overpass on
15 December 2018 as processed by the indices that were examined in order to identify the plastic litter
target using the Sentinel-2 satellite images. In the results of the processed indices in Figure 9, all the
above indices identified the plastic litter at the values featured in Figure 9, except for the AWEL It was
found that indices with B04 and B08 had better results since the spatial resolution was 10 m.

#

b= e

NDWI (0.45-0.5)

AWEI (None) MNDWI (0.9795-0.98) NDMI (0.94-0.95)

NDVI (-0.2)~(-0.17)

@ 210

s

Sl | .
ﬁ-l-l" {'l:-: .1
T R

SR (0.65-0.8) PI (0.39-0.42) RNDVI (0.17-0.2)

Figure 9. Sentinel-2 Satellite image (15 December 2018) processed with the indices described in the text
with the corresponding values for which the plastic was detected. Land is represented in orange, water
is represented in blue and plastic is represented in yellow. The yellow square within the yellow circle is
the plastic litter target during the satellite overpass which corresponds to the Plastic Index Values (P1V),
which is in the parentheses for each index.
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The authors used the proposed statistical method of objective sensitivity analysis [96] to validate
which index has the best capability of detecting plastic litter in water using the selected indices.
The sensitivity analysis (SAV) is calculated using the discriminative value (DV) multiplied by the
number of pixels detected (NPD) in the area of interest around the target, which is divided by the
maximum value (Dmax) minus the minimum value (Dmin) detected for each index. The equation to
identify the Sensitivity Analysis Values is expressed as:

SAV = (DV = NPD)/(Dmax — Dmin) (10)
The sensitivity analysis values are shown in Table 2.

Table 2. Values used for sensitivity analysis.

Index MIN Index MAX Nurflbe'r of Plastic Index Water Index Discriminative Sensitiv.ity

Indices Value Value Pli)s;cecllxdels Value Value Value A:}:}isels
(Dmin) (Dmax) (NPD) (PIV) (WIV) (DV) (SAV)
NDWI 0.4612 0.6049 5 0.45-0.50 0.50-0.60 0.1 3.4795
WRI 4.0135 5.749 4 4.0-4.3 4.3-6.25 0.1 0.2305
NDVI —-0.3428 -0.1712 4 -0.2--0.17 -0.37--0.2 0.1 2.3310
AWEI 1241 2160 0 - 1241-2160 0 0.0000
MNDWI 0.9722 0.9797 4 0.97-0.98 0.96-0.97 0.0002 0.1067
MDMI 0.893 0.9459 4 0.86-0.94 0.94-0.95 0.1 7.5614
SR 0.4894 0.7076 5 0.65-0.8 0.45-0.65 0.1 2.2915
PI 0.3285 0.4143 7 0.39-0.42 0.31-0.37 0.2 16.3170
RNDVI 0.1712 0.3428 4 0.17-0.2 0.2-0.35 0.1 2.3310

Figure 10 (left) features the values where the plastics were detected, as determined in the sensitivity
analysis using all of the nine indices. The sensitivity analysis performed on the indices indicated that
the most optimal index to identify the plastic litter target was the PI (Equation (8)).
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Figure 10. Left: results of the sensitivity analysis in bar graph for each of the nine indices. Right: Plastic
Index (PI) scatterplot showing the discriminating value (DV) between water and plastic bottles.
The plastic bottles values are circled in red.

The sensitivity analysis performed on the indices indicated that the most optimal index to identify
the plastic litter target was the PI (Equation (8)). The scatterplot (Figure 10, right) shows the plastic
index values (PIV) from the Plastic Index (PI) equation showing the water values clustered in the
bottom and the plastic litter values at the top, providing a clear separation between them (DV). Figure 11
depicts the plastic litter target within the dotted yellow circle that was identified using the PI equation.
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Figure 11. Plastic Index (PI) was used to identify the target, which is circled in yellow.

The PI equation was applied to the entire region of the Limassol coast, where the results identified
the plastic litter target, as shown within the yellow dashed circle in Figure 12, as well as the fishing
collars made of plastic and used in the floating fish farms off the coast of Limassol, which are encircled
in orange. The yellow pixels encircled in blue in the upper right quadrant of the image give false
positive values, as the Plastic Index identified them as plastic litter, although they were boats with
plastic surfaces.

Figure 12. The PI applied to the coast of Limassol. The plastic litter target is in the dashed yellow circle,
the floating fish farms are circled in orange and the false positives are circled in blue.
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4. Discussion

The significance of this study is to identify whether plastic litter targets under 10 m can be detected
with Sentinel-2 satellite images. This study examined the use of the Plastic Index (PI) and the Reversed
Normalized Difference Vegetation Index (RNDVI) in order to identify plastic litter in water. In this
study, a 3 m x 10 m plastic litter target was used to test if plastics could be detected. The study clearly
shows that the 10 m spatial resolution bands (B04 and B08) can identify a plastic litter target below the
Sentinel-2 pixel size. Our study used a smaller target, thereby differing from other research which
used Sentinel-2 images to identify larger targets of 10 m [29,80]. The Plastic Index developed in this
study can discriminate and identify plastic targets of 3 m x 10 m. The sensitivity analysis found that
the Reversed Normalized Difference Vegetation Index produced low values and therefore was unable
to identify plastic litter targets in water. The results of the PI were applied for the coast of Limassol.
There is evidence that the Pl may be used to discriminate smaller plastic targets. As seen in Figure 12,
the fishing collars used in the floating fish farms off the coast of Limassol were identified by the PI.
These collars are made of plastic and have a pipe diameter ranging from 50-110 cm; however, the collars
themselves may have a diameter of 80 m. Future work may include smaller sizes of plastic targets as
well as different types of plastic at different depths. This will provide the opportunity to validate and
calibrate the PI accordingly.

The use of multispectral cameras mounted on a UAV provided the ability to check the reflectance
of the plastic litter at different wavelengths, which was useful to visually identify the plastic reflectance
response at these wavelengths. The acquisition of in situ spectral signatures of the plastic litter target
within the water provided the ability to identify and compare with the spectral bands of Sentinel-2.
The plastic litter detection was only examined between 400-900 nm. In this range, the reflectance of
plastic bottles is low in the red band, but increases in the infrared bands, where water absorbs all
the solar radiation and has almost no reflectance in the near infrared band, as indicated by Hafeez
et al. [68]. The size of the plastic litter target was purposely used to emulate a plastic litter cluster
and to find out if such a cluster can be identified from the Sentinel-2 satellite, as was conducted in
other studies [29,62,80]. Plastic bottles have higher reflectance values in Bands 6, 7 and 8 of Sentinel-2
satellite images.

Based on the research featured in the Introduction, plastic can form clusters that may reach up to
kilometers in size [35,36]. As a result, the intention of the study was not to identify individual plastic
items but to focus on small clusters which had not been studied in previous research. Several indices
were used to identify plastic litter targets in the study area. The evaluation of the images found that the
Plastic Index using bands B04 and BO8 of the Sentinel-2 MSIL1C sensor, developed and put forward by
the authors, was the most effective in identifying the plastic litter as well as the pipe rings of floating
fish farms that are located in the vicinity of the study area. One of the limitations of using smaller
targets to detect plastic litter may be the satellite pixel size [66]. For this reason, future research can
replicate this study by using high resolution satellite sensors (e.g., Planet Imagery, WorldView, GeoEye)
to identify smaller plastic litter targets.

5. Conclusions

The results of this study indicate that plastic bottles in the sea can best be identified using the PI
index at B04 and B08 using Sentinel-2 satellite images and the results assessed with spectral signatures
and aerial images acquired from a UAV. The study found that Sentinel-2 satellite images were effective
in identifying plastic clusters in the sea. As well, the study found that plastics in the sea can be identified
by the high reflectance of solar radiation at NIR wavelengths. Two new indices, the Plastics Index (PI)
and the Reversed Normalized Difference Vegetation Index (RNDVI) were formulated for processing
the satellite images in the effort to identify plastic litter in the water. The methodology can only be used
during cloud-free conditions using Sentinel-2 MSIL1C, without performing atmospheric correction
due to the water spectral absorption. The findings of this study are significant, since, as indicated
by various researchers, the south-east Mediterranean faces a significant problem with plastic debris.
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This study developed an index that can identify plastics in the sea, which will assist the process of
monitoring plastics in the Mediterranean Sea. The newly developed Plastic Index may be applied to
other types of plastic debris, such as plastic bags, marine debris from aquaculture and other material,
which were used in other research studies. It is vital to note that future research will focus on using
high resolution images to identify plastics.

The study lends itself to further research in several areas. In addition, along the lines of this study,
further investigation can be conducted with various configurations of different materials, such as plastic
bags, at different depths in the sea. Future research can also investigate the use of Sentinel-1 Synthetic
Aperture Radar (SAR) images for the identification of plastic litter in the seas. Further research can
examine different sized plastic litter to identify the sensitivity of Sentinel-2 images in detecting subpixel
plastic clusters. One of the significant outcomes of the study is that smaller plastic targets under 10 m
can be identified using the Sentinel-2 satellite images.
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